Damage build up and amorphization in Si, induced by 25 keV Si − 5 cluster ions and similar mass Cs − ions have been studied using transmission electron microscopy and channeling Rutherford backscattering spectrometry. Amorphization is found to be a nucleation and growth process, under the direct impact mechanism. A transition to a completely amorphized state is indicated at a dose of around 17 eV/atom, which is higher than 6-12 eV/atom as predicted by simulations. This indicates a partial suppression of the direct impact mechanism due to recrystallization induced by recoils. At a dose above the amorphization threshold, the amorphous-to-crystalline (a/c) interface is found to be smooth. The smooth a/c interface indicates a transition to a stress relaxed amorphous phase in line with earlier observations.
Study of ion implantation induced damage and recovery is a very important area of research in semiconductor processing, particularly involving Si. In all the cases involving doping through ion implantation, a damage layer is formed which must get back to a defect free crystalline state for any later application. In view of this, defect production by ions, together with its growth and annealing behavior, constitute an important areas of study.
Ion implantation induced amorphization has been the subject of intense research in which there is a long standing debate dating back to the seventies [1, 2] . One of the view points is that amorphization is caused from overlapping of amorphized pockets formed from defects created by individual cascades. This is the so called direct impact or heterogeneous amorphization as suggested by Morehead and Crowder [3] . There are experimental data in support of this [4, 5, 6] . Competing with this, there is a homogeneous amorphization mechanism where passage of the energetic ions results in the formation of a large number of bond defects (consisting of isolated point defects and interstitial-vacancy complexes). During implantation, with formation energies of ∼3 eV, these defects can be uniformly produced in the system and when their concentration increases beyond a certain limit the lattice becomes unstable leading to a collapse to an amorphized state [2, 7] . There are experimental data in support of this [8, 9, 10, 11, 12] which also suggest amorphisation in Si is more like a phase transition induced by an accumulation of a sufficient number of defects. Reference [1] provides a recent review on the subject.
In this letter we present some results regarding damage production and growth from low energy Si − 5 and similar mass Cs − ions in Si. We show some direct evidence that, amorphisation proceeds via a nucleation and growth mechanism under the direct impact process. The growth in amorphized fraction is dominated by overlap-ping collision cascades or defected regions. The threshold dose (energy deposited per atom) for amorphization has been found to be little below 15 eV/atom. From there onwards, there is an accelerated growth in the amorphized volume fraction, leading to saturation at a dose of 17 eV/atom, much higher than 6 to 12 eV/atom as suggested by Molecular Dynamics (MD) simulations [2] . This could be due to an underestimation of a competing annealing effect coming from high energy recoils. Below the amorphization threshold (∼12 eV/atom), the a/c interface is found to be rather rough. However, at a dose of ∼50 eV/atom, much above the amorphization threshold, a completely relaxed amorphous phase, with a smooth a/c interface, has been observed. In this case, unlike the results of Motooka et al [8] , no sign of defects could be seen near the a/c interface. The results go in line with the fact that complete amorphization, associated with plastic flow and stress relaxation [13] , is like a phase transition due to a sudden collapse of the lattice.
In one of the earliest studies, Morehead and Crowder [3] had suggested that ion induced amorphization in Si initially occurs in a cylindrical region surrounding the ion track. The radius of the cylinder is determined by the rate of out-diffusion of primary defects from the core region. In a later study involving 230 keV Si + implantation in Si, at room temperature, Bai and Nicolet [10] have suggested that direct impact amorphization does not occur in self ion implanted Si. However, it was suggested that complete amorphization is a cooperative phenomenon due to overlap of heavily defected crystalline regions, in line with homogeneous amorphization. Motooka et al [8] have carried out a study of amorphization of Si induced by 5 MeV Si + ions at a high fluence of 1 × 10 17 cm −2 . Using transmission electron microscopy (TEM), they have looked at the selected area diffraction pattern of the a/c interface region. From a simulation of the data using di-vacancy and di-interstitial pairs (DD and DI pairs), they had concluded that an accumulation of such defects, above a threshold, was responsible for a homogeneous amorphization of the sample. The above mentioned DD or DI pairs are essentially the same bond defects as mentioned earlier [14] . In the present case, with low energy ions, complete amorphisation has been observed at a much lower fluence. But we have failed to see any sign of bond defects in the a/c interface region. This clearly rules out their role in the resulting amorphizing transition.
The experiment involved implantations of 25 keV Si
and Cs − ions into Si(100) (p-type, 20 Ωcm) substrates, at room temperature, at very low beam currents of ∼ 2-3 nA. Four of the samples were implanted with Si of the amorphized fraction, f a , with dose is shown in Fig. 1 . f a was determined from the increase in surface peak intensity (in RBS/C data) relative to a virgin sample. Since Si 5 and Cs are different systems we convert the fluence to dose, φ (eV/atom) by dividing the total energy deposited/unit area by the ion range. Based on TEM data (shown later), we take the ranges to be 10 nm and 20 nm for Si and Cs atoms respectively. The 95% level in f a occurs at a dose of ∼ 17.5 eV/atom which may be taken as the dose for complete amorphization. This is higher than the saturation value of 12 eV/atom as indicated by the simulation. Our results can be explained in terms of a combined direct impact and defect stimulated mechanism [15] . In this model amorphization occurs both from direct-impact as well as interface stimulated production (taking into account the defect-stimulated, cascade-stimulated, or implantedion-stimulated growth) of the amorphous material at the a/c interfaces. The probability for this process to occur is taken to be f a (1 − f a ) . In such a case we have
, where σ a and σ s correspond to the cross sections for direct impact and defect stimulated amorphization, respectively. From the present data we get values of 0.246 (± 0.019) and 0.039 (± 0.003) for σ s and σ a respectively. We must also add that the defect stimulated process is a part of a more general direct impact process, where a growth in the amorphized volume fraction takes place from cascade overlap.
Our results could also be explained in terms of the cascade quenching and recrystallization model proposed by Wang et al [16, 17] . This is another model where amorphization is assumed to be the result of direct impact of energetic ions. In this case, using a recrystallization efficiency, A, one can write
Here, φ n = kφ, represents the total number of atoms in all damaged regions (or cascades) divided by the total number of atoms in the implanted layer. From our data we obtain a value of 0.893 (±0.003) for the crystallization efficiency, A, together with a k value of 2.174 (±0.081). Comparison with MD simulation results [2] , suggest the importance of low energy (below 15 eV) recoils that lead to saturation at a higher dose (beyond 10 eV/atom). The earlier result of a lower σ s as compared to the simulation data, also goes in line with this. Fig. 2 shows an HR XTEM picture 
× 10
11 cm −2 , corresponding to a dose of 0.2 eV/atom. The image clearly shows localized defects. The Fourier transformed (FT) diffraction image, for a region covering the ion range (marked in the figure), shows sharp < 111 >-diffraction spots, together with shifted and diffused patches corresponding to diffraction from strained regions. A reconstruction of the direct image, masking the intense spots showed defects in the form of strained crystalline patches, misoriented with respect to the host lattice. Similar results for the sample implanted with Si 5 fluence of 1.2 × 10 13 cm −2 (dose ∼ 6 eV/atom) are shown in Fig. 3 . Unlike the earlier case, here a clear damaged region extending from the ion end-of-range up to the surface, can be seen. One can notice a rough interface together with a lot of crystalline patches in the near surface region. This is due to spatial overlap of collision cascades at the ion end-of-range where a high density of low energy recoils is expected to be produced. The FT image is very similar to that of Fig. 2 , the only difference being that the < 111 >-diffraction spots are not as sharp as in the previous case. The reduced sharpness of the diffraction spots together with the strain observed could be due to the presence of bond defects. An inversion of the FT diffracted image (after masking the 111 spots) shows the presence of strained and tilted crystallites ( Fig. 3 (d) ). The direct image also shows some clear amorphized centers (marked in the figure). Compared to this, the XTEM image for the Cs implantation case (Fig. 4) , for a dose of ∼ 15 eV/atom, shows partial amorphization. The image shows a large number of small amorphized patches together with a large number of nanocrystallites embedded in the defected layer. The FT image, for the damaged region, shows a faint amorphous ring. The above results clearly indicate the validity of a nucleation and growth model for amorphization as suggested by Lewis and Niminen [18] . In Fig. 5 , we have shown the results obtained with an Si 5 implantation fluence of 1 × 10 14 cm −2 . The monomer fluence is five times of this fluence. This corresponds to a dose of about 50 eV/atom which is much above the amorphization threshold. The HR XTEM picture shows complete amorphization, the diffraction image showing two clear rings. The a/c interface is also seen to be rather flat, mainly due to stress relaxation [13] . Earlier for 25 keV Si 5 implantation in Si, based on the direct impact model by Gibbons [19] , the amorphization threshold was shown to occur at a fluence of 1.25 × 10 14 cm −2 , corresponding to a dose of 12.5 eV/atom [12] . This agrees reasonably well with the present findings. After this dose there is an accelerated growth in the amorphous fraction resulting in a transition to a completely amorphized, stress relaxed state [8, 10, 11, 12] , at a dose of 17 eV/atom.
As shown by Nord et al [2] , a single ion can produce both amorphous clusters and isolated point defects which can get easily annealed out by low energy recoils [20] from successive ion passes. In case, the low energy recoils produced later, do not have enough energy, they would not be able to recrystallize already amorphized pockets. The amorphized pockets would then grow following subsequent irradiation. Therefore, at an intermediate fluence one would expect clear amorphization centers together with isolated defects. At a cluster implantation fluence of 1.2×10
13 cm −2 , corresponding to a dose of 6 eV/atom, we do see some amorphous centers (Fig. 2(a) ). A recrystallization efficiency, A, (∼ 0.9), less than 1 ensures this.
For most of the potentials used for simulation of the Si structure, an energy deposition between 6-8 eV/atom is needed for the potential energy to reach the saturation value of ∼ 4.2 eV, as required for an amorphous structure [2] . This is small compared to 17 eV/atom, as obtained here. Such a high value has been obtained with StillingerWeber potential [21] , using 1 keV recoils. Compared to this, a realistic recoil distribution with lower cutoff of 3 eV/atom is found to result in a amorphization at a dose of 12 eV/atom. A 15 keV cutoff yields a still lower value for the saturation dose (∼4 eV/atom). This result, of reaching complete amorphisation at a lower dose, does not agree with the present findings. It must be mentioned here that cluster implantation results in a greater overlap of collision cascades resulting in a higher σ s . This is expected to result in a faster growth in the amorphised fraction, f a , [22, 23] compared to what is expected from monomer implantation. Inclusion of such an effect has even failed to get a lower value for the saturation dose. One of the reasons behind this could be the non-inclusion of still lower energy recoils, down to 1 eV, which can result in local melting and recrystallization [20] . Indeed lowering the lower cutoff on the recoil energy from 15 eV to 3 eV has been found to result in a higher value of the recrystallization efficiency, A, and a lower value of k [2] . In addition, simulation results with 1 keV recoils, seem to suggest that a competing recrystallization effect can come from high energy recoils resulting in defect annihilation due to local, in-cascade heating. This could be the main reason behind getting a much higher amorphization threshold of 4×10 14 cm −2 , for 230 keV Si implantation in Si [10] . We believe, something similar to have happened in the experiment involving implantation of 5 MeV Si in Si [8] . In that case the amorphization threshold appears to be much higher, with beam energy and current induced annealing effects also playing a role. In such a situation, the extra annealing component can result in recrystallization of many of the amorphised pockets leading to the formation of a large concentration of point defects [24] and related complexes (bond defects). This can result in a picture going in favor of the homogeneous amorphization model.
To conclude, using 25 keV Si − 5 and Cs − ions, we have shown some direct evidence that ion induced amorphisation in Si, at low energy, is a nucleation and growth process. The direct impact model is very much valid. However, this is somewhat suppressed by a competing recoil induced recrystallization process, pushing the amorphizing transition to a much higher dose.
